INTRODUCTION
Prostate cancer (PC) is the most frequently diagnosed solid tumor among men in the US today, with an estimated 192 280 cases diagnosed in 2009 and 27 360 deaths (1) .
The disorder is classically divided into sporadic and hereditary forms, although clinically the two are virtually indistinguishable aside from the earlier average age at diagnosis of men with the inherited form. Sporadic cases probably develop because of accumulated somatic mutations in critical dividing cells, although genetic factors that initiate that process remain largely unknown. Hereditary prostate cancer (HPC) is believed to originate with one or more germline mutations that accelerate the oncogenic process, giving carriers an increased risk of disease.
Numerous genome-wide linkage studies of HPC families have been undertaken in an attempt to identify PC susceptibility loci, leading to the reporting of a large number of putative loci. However, the existence and significance for most of these is debatable (2 -5) . This is not surprising as multiple loci are believed to contribute to PC susceptibility and there are few, if any, criteria to distinguish genuinely hereditary cases from phenocopies, even within individual families. In addition, it is clear that the penetrance of disease alleles in the population is variable, making it difficult to accurately assign affection status, thus diluting any real signal in either genome-wide linkage or association studies.
One strategy for enhancing the utility of family-based data sets in confirmation and fine-mapping studies is to stratify pedigrees into comparatively more homogenous samples based on clinical or tumor characteristics. An excellent example of this is the chromosome 22q12.3 locus. By stratifying pedigrees based on number of affected men, aggressive disease and median age at diagnosis, we and others have independently identified and confirmed the existence of an HPC risk locus on chromosome 22q12.3 (6 -11) . The International Consortium for Prostate Cancer Genetics (ICPCG) has similarly confirmed these results in a combined data set of 269 HPC pedigrees, each with five or more PC cases, demonstrating an heterogeneity log of odds of 3.57 at 22q12. 3 (12) . This makes it the only region in this ICPCG analysis to be significantly linked with HPC. However, as with all linkage peaks, the 1-log of the odd (LOD)-support interval in the ICPCG study was large, spanning over 6 Mb and nearly 100 genes.
We and others have worked to further characterize the 22q12.3 locus. Camp et al. (13, 14) in an analysis of 59 large Utah pedigrees, and subsequently, in a data set of 54 putatively linked families from the ICPCG, were able to reduce the interval to 2.18 Mb. In our own previously published study, 42 high-risk families from the PROGRESS and Mayo Clinic studies with evidence of linkage to 22q12.3 were used for recombination mapping using a large set of markers spanning the entire interval of interest (15) . While no overlapping consensus interval could be detected for all families, an 8.7 Mb interval (26.00 -34.74 Mb) defined by three recombination events on each side was identified in 35 families. A smaller consensus interval of 2.54 Mb (33.48 -36 .01 Mb) was identified in 12 of the 14 families, all of whom had five or more affected men. Our fine-mapping data, combined with that of Camp et al. (13, 14) . highlight a minimal shared consensus interval of 1.36 Mb that spans only 16 genes (15) .
Since the linkage information in the Mayo Clinic and PRO-GRESS family data sets was fully explored in our previous analyses, in this study we have elected to take advantage of family-based association methods in an effort to further refine the shared consensus interval. For these analyses, we utilized only cases from families with strong evidence of linkage to 22q12.3 and compared that to a set of 506 unrelated population controls. We hypothesized that our restricted selection of cases from linked families would reduce the misclassification arising from phenocopies as well as unaffected risk-variant carriers. In doing so, we identify a 15 kb interval spanning two linkage disequilibrium (LD) blocks within the Apolipoprotein L3 (APOL3) locus that appears to contain the risk variant. Analyses of an independent, population-based, case -control data set support this conclusion.
RESULTS
In this study, the 42 Caucasian pedigrees used in our previous recombination mapping study of 22q12.3 (15) were evaluated further using family-based association methods. The 42 pedigrees, 18 from PROGRESS and 24 from the Mayo Clinic, had each achieved a pedigree-LOD score of ≥0.58 within the ICPCG-defined LOD-1 support interval. The data set included a total of 213 men with PC, of whom 150 had DNA available for this study ( Table 1 ). The average age at diagnosis of men in the study is 66.1 (SD ¼ 5.5), with 21 pedigrees having an average age of diagnosis ,66 years (Table 1) , and 24 having five or more affected family members.
For this study, 168 tagSNPs were initially chosen from a larger data set of 668 chromosome 22 tagSNPs that had been selected to cover most of the genes on 22q, and analyzed in a case -control study performed by the Mayo Clinic (results not shown, see Materials and Methods). The 168 tagSNPs represent all markers that both showed nominal evidence of association with PC (P , 0.05) in the initial case -control study from the Mayo Clinic, and were located within the maximum shared consensus interval indicated by our previous recombination mapping study . From the data set of 168 tagSNPs, 145 were successfully genotyped in the 18 PROGRESS families and used as the initial screening set.
Family-based association testing was performed using PedGenie (16) . Analysis was initially performed separately on cases from the 18 PROGRESS and 24 Mayo Clinic families. However, in each situation, data were compared with the same set of 506 unrelated Caucasian population controls genotyped by the Mayo Clinic. Analysis of 84 cases from the Mayo Clinic pedigrees versus population controls revealed two adjacent SNPs, rs2097465 and rs132656, each of which show compelling evidence of association (P , 3.3 × 10
24
), based on 3000 simulations for all models except the dominant model (Fig. 1A) . Both markers are located within the APOL3 locus, separated by a distance of 5.8 kb (D ′ ¼ 0.706, r 2 ¼ 0.354). When these two markers were further evaluated using 200 000 simulations, rs2097465 yielded a P-value of 1 × 10 25 for all models except the dominant model. The risk-allele in the Mayo Clinic families appeared to be the T-allele, with a frequency of 0.30 in the controls. For rs132656, the strongest P-value in the Mayo Clinic families was observed under the recessive model (P ¼ 2 × 10
) with the risk-allele, C, having a frequency of 0.45 in the controls. The strongest association in the 66 PROGRESS cases compared with Mayo Clinic controls was also observed with SNP rs2097465 ( Fig. 1B ; P ¼ 0.0013, additive trend model). When 3000 simulation analyses were performed on the 145 SNPs in the combined set of 150 Mayo Clinic and PROGRESS cases compared with the 506 Mayo controls, the associations became even stronger for both SNPs (Fig. 1C) . Based on 200 000 simulations, rs2097465 yielded a P-value of ,5 × 10 26 for all models except the dominant model, and rs132656 gave a P-value of 5 × 10
25 with a recessive model. Encouraged by the overlapping signals at the APOL3 locus, we tested 15 HapMap tagSNPs that spanned a 28 kb interval, inclusive of both rs2097465 and rs132656, in order to determine which LD-block(s) yielded the strongest association for HPC risk. The interval included three LD blocks that span the 5 ′ end of the APOL3 gene (Fig. 2D ). Block one is defined by rs2017329 (34 879 112) and rs2105915 (34 882 285) and is 3.2 kb in size. Block 2 is defined by rs132648 (34 882 348) and rs132665 (34 894 116) and is 11.8 kb in size. Block 3 is defined by rs132671 (34 899 790) and rs11089782 (34 907 299) and is 7.5 kb in size. In the combined set of 150 cases and 497 controls (9 of the initial 506 controls were dropped in this analysis due to lack of DNA), 6 SNPs yielded P-values ≤2 × 10 24 based on 200 000 simulations (rs2017329, rs132647, rs2097465, rs132649, rs132654 and rs132656; Fig. 2C ). These six SNPs are all located within Blocks 1 and 2 ( Fig. 2D ). Both blocks are in strong LD with one another as evidenced by a multiallelic D ′ of 0.92. The strongest association with HPC risk was still with rs2097465 (P , 1 × 10 26 based on 1 000 000 simulations), which is within the 3.2 kb LD Block 1. No associations were detected for any of the five SNPs located in the telomeric 7.5 kb LD Block 3 (Fig. 2D) .
We also analyzed our data using the LAMP program (17, 18) , which tests for association in the presence of linkage, and also tests whether any of the associated SNPs explain all or part of the original linkage signal. All SNPs were analyzed in the combined set of 42 PROGRESS and Mayo Clinic pedigrees and all 506 unrelated Mayo population controls. Consistent with the PedGenie results, SNPs within the APOL3 locus were associated with HPC risk in the LAMP analyses. Two SNPs had P-values ,1 × 10 24 ; rs2017329 and rs2097465 (P ¼ 7.5 × 10 25 and 6.7 × 10 25 , respectively). Both of these SNPs tag Block 1 at the 5 ′ end of APOL3 (Fig. 2D) . As expected for HPC, neither SNP explains the entire linkage signal with a reduction in LOD score .1 LOD unit for each SNP, assuming complete LD. The fact that cases selected and analyzed separately from the PROGRESS and Mayo Clinic family collections each highlight SNPs within a 15 kb interval at the APOL3 locus as being associated with risk is compelling evidence that these SNPs, or those in LD with them, contributed to the initial 22q12.3 linkage peak.
To screen for causal mutations in APOL3, we sequenced a 28.9 kb region that included all exons and introns of the most common isoforms of APOL3 (19) in both affected and unaffected individuals from the 18 PROGRESS pedigrees ( Fig. 2A) . We also sequenced a 14.3 kb upstream interval that included an alternative promoter (19) and a 7.4 kb conserved region located between the APOL3 and APOL4 genes. In total, 42.1 kb (97.6%) of the targeted region was successfully sequenced (Fig. 2B) . Analysis of the data revealed 235 variants, of which 219 were SNPs and 16 indels. To identify potential functional variants, an in silico analysis was performed and highlighted one SNP, rs132660, which is located within the core motif of a putative TATAA-box, 11 bp upstream of Exon 1a in the alternative promoter (19) . Since rs132660 was the only variant with a potential effect on function, we genotyped this SNP in the Mayo Clinic families and controls and analyzed the data with PedGenie in the combined set of cases and controls. The resulting association for rs132660 was P ¼ 5 × 10 26 based on 200 000 simulations ( Fig. 2C ; risk-allele frequency: C ¼ 0.43 in controls). This is the second strongest result behind rs2097465 in the PedGenie analyses. Not surprisingly, in the Mayo controls, SNPs rs2097465 and rs132660 are in LD with one another (D ′ ¼ 0.72, r 2 ¼ 0.32). To evaluate the potential association of rs132660 and rs2097465 with sporadic prostate cancer risk, both SNPs were genotyped in a combined data set (1320 cases and 1266 controls) of Caucasian men from one of two population-based, case-control studies of prostate cancer conducted in Western Washington (20, 21) . Genotype distributions for both rs132660 and rs2097465 were consistent with Hardy-Weinberg equilibrium in the control population. Of the two SNPs, only the minor C-allele of rs132660 was found to be significantly associated with PC risk (p trend ¼ 0.015 for allele dosage; Table 2 ). Further analyses indicated that the risk estimate for rs132660 did not differ substantially by family history of prostate cancer, Gleason score (≤7, 3 + 4 versus ≥7, 4 + 3) or a composite measure of aggressive disease based on Gleason score, stage and diagnostic PSA level.
We also tested both markers in the Cancer Genetic Markers of Susceptibility (CGEMS) prostate cancer study (22) . Raw genotype data for SNP rs2097465 was available for 1176 cases (688 aggressive cases and 488 nonaggressive cases) and 1105 controls. Marker rs132660 was not directly genotyped in CGEMS, and thus had to be imputed using HapMap data (see Materials and Methods). The imputation quality for marker rs132660 was very good (R 2 ¼ 0.9688). However, neither of the two SNPs showed an association with prostate cancer risk in the CGEMS data set. The OR for rs132660 was 1.06 when all cases were considered (95% CI 0.96, 1.20), and was 1.04 for all cases (95% C.I. 0.92, 1.17) for rs2097465. The results did not change appreciably when the data were analyzed by aggression status (aggressive and nonaggressive), versus controls. However, as with the Western Washington data set, we note that the minor C allele (for rs132660) is over-represented in cases versus controls (C allele frequency ¼ 45.3% in cases and 43.8% in controls in CGEMS, and 45.8% in cases and 42.4% in controls in the Western Washington data set).
DISCUSSION
We have identified a 15 kb interval spanning the region at 22q12.3 from 34 879 112 to 34 894 116 bp (March 2006, NCBI build 36/hg18) at the 5 ′ end of the APOL3 gene that accounts, at least in part, for the linkage signal that we and others (6 -8,10,11,14) have reported in HPC families at 22q12.3. A meta-analysis conducted by the ICPCG resolved the locus to a 12 cM interval (12) , which was subsequently reduced to 2.18 Mb (13). In our previous work (15), we performed a recombination analysis in a set of 42 HPC pedigrees, 18 from the PROGRESS data set and 24 from the Mayo Clinic that showed evidence of linkage to the 1-LOD support interval defined by the ICPCG at 22q12.3. Our work (15) , combined with that of Camp et al. (13, 14) , defined two distinct but overlapping consensus intervals that were shared by the majority of the pedigrees. The goal of the present study was to perform family-based association analyses within the consensus interval . Dominant test is indicated by red diamonds, recessive test by yellow circles, additive trend test by green squares and allelic test by blue triangles. Arrows indicate SNP rs2097465 which has the strongest association, and rs132660 which was analyzed separately and is located in a putative TATAA-box. (D) LD block structure over the region calculated from Caucasian population HapMap data. Reverse triangles indicate localization of LD blocks using solid spine of LD method in HaploView. The three LD blocks tagged by the 15 tagSNPs are indicated by their size in kilobases. using our 42 families, to further characterize the locus at 22q12.3.
HPC susceptibility studies are often hindered by disease heterogeneity, locus heterogeneity and risk alleles with weak to moderate penetrance. Since it is impossible to clinically distinguish true hereditary cases from sporadic cases or true controls from unaffected risk allele carriers, we designed a family-based association analysis that we hypothesized would reduce the impact of these sources of misclassification. We anticipated several potential challenges including the likely existence of unaffected risk allele carriers. This includes men who, although they carry the risk alleles, are too young to have been diagnosed with PC. Finally, some men will be phenocopies, i.e. their PC is not due to mutations at 22q12.3.
To address the high phenocopy rate, we utilized only the 42 previously described HPC families that showed strong evidence for linkage (pedigree LOD . 0.58) to 22q12.3 in our previous recombination mapping study (15) . The presence of phenocopies in this restricted data set is expected to be considerably less than if cases from all HPC pedigrees available had been used. To reduce misclassification introduced by unaffected risk allele carriers, we utilized a set of unrelated population controls rather than internal family-based controls. While these two strategies might raise concerns about population stratification, the overall approach should increase the power of the analysis.
Since only linked families were analyzed, we expect that the association evidence from PedGenie as well as the LAMP LOD scores will be inflated and, as such, these approaches are not appropriate for reporting the initial findings of association or linkage. They are useful, however, for prioritizing regions or LD blocks with the strongest HPC risk association and highlighting the best areas within an already described linkage peak to pursue screening for causal variant(s), as we have done here.
The 168 SNPs selected for this study were from a set of 668 tagSNPs spanning the q arm of chromosome 22 that had been used by Mayo investigators for a previously unpublished case-control study of PC risk. All 168 SNPs reached a nominal P-value of ,0.05 in the previous study and are located within the maximum shared consensus interval. Our initial family-based association analysis identified rs2097465, which is within the APOL3 locus, as having the strongest association with HPC risk when the PROGRESS and Mayo Clinic families were analyzed independently, comparing to the same set of Mayo Clinic controls. The association at rs2097465 became stronger when the PROGRESS and Mayo Clinic data sets were combined.
In the analysis of tagSNPs across three LD blocks at this locus (Fig. 2D) , six SNPs, tagging Blocks 1 and 2 and covering a 15 kb interval within the APOL3 region, were associated with HPC risk. An association was also observed in the LAMP analysis, in which two SNPs, rs2097365 and rs2017329, demonstrated the strongest associations with prostate cancer risk. Both SNPs are located within Block 1. One of the two SNPs, rs2097465, showed the strongest association in the PedGenie analysis. Block 3, which is telomeric to Blocks 1 and 2, is unlikely to be relevant, as five tagSNPs within Block 3 demonstrated no associations with HPC risk.
Two additional LD blocks, located between 34 871 671 and 34 878 352, and centromeric to Block 1, are in strong LD with both Blocks 1 and 2. The multiallelic D ′ between Block 1 and the two additional blocks is 1.0 and 0.9, respectively. Inclusion of these two additional blocks would increase the region to 22.4 kb and the resulting interval would include both APOL3 promoters, the two alternative exons (1a and 1b) and exons 1, 2 and 3, ending just 78 bp before exon 4 within the APOL3 gene. Since the centromeric side of the associated interval is not well defined, the entire 22.4 kb interval must be considered as potentially carrying a causal variant(s).
As we would predict, none of the tagSNPs tested in the LAMP analysis fully explained the initial linkage signal, as PC is a complex and multifactorial disease. This suggests two likely possibilities. Either there are other independently associated risk variants within the same region, or the associated SNPs are in strong LD with, but are not themselves, the causal variant. Since it is highly unlikely that all linked families have precisely the same risk variant, we hypothesize that both possibilities may be true.
Sequencing of the APOL3 gene, including introns, exons, known upstream and downstream promoters and regulatory elements, did not reveal any obvious disease-associated variants, i.e. rare in the general population and segregating with PC in the linked families. However, the SNP rs132660, located inside a TATAA-box sequence in an alternative promoter region upstream of exon 1a, was of potential functional interest. This A/C SNP is at the third A-nucleotide that makes up the core motif (5 ′ -TATAAA-3 ′ ). Multiple studies have shown that an A to C substitution at this position is likely to completely inhibit the binding of a TATAA-binding protein (23). Although we do not know whether this variant in the TATAA box is functional, a band shift assay clearly indicates that the A allele, not the C allele, binds the protein (Fig. 3) . A TATAA box's optimal range from the transcription start site (TSS) is normally between 229 and 232 bp, and is generally nonfunctional if located closer to the TSS (24). However, it is possible that this TATAA box regulates a previously unknown transcript that uses a TSS further downstream. More work is required to find out whether this putative TATAA box is regulatory and whether the associated SNP is functional.
Although the involvement of the APOL3 gene itself in PC has yet to be established, it clearly is an interesting candidate gene. APOL3 is one of the six apolipoprotein-L gene family members (25, 26) that are located in a 6219 kb interval at 22q12.3 (27) . The encoded proteins are thought to be involved in lipid transport and metabolism (25) . In addition, they appear to be an important link between programmed cell death of host cells (28, 29) and host immunity to various pathogens (26) , and play a role in inflammatory response (30, 31) .
None of the major genome-wide association studies reported to date yield a result in precisely this region, but other parts of chromosome 22 have been implicated. Specifically, Eeles et al. (32) reported an association with marker, rs5759167 at 41 830 156 (6.9 Mb telomeric of rs2097465). In addition, Sun et al. (33) report a marker, rs9623117 at 38 782 065 (3.9 Mb telomeric of rs2097465).
In considering our results it is worth noting that while the 22.4 kb interval at the 5 ′ end of APOL3 represents the most likely interval where one of the causative risk variant(s) is located, it is not known whether any of the already identified variants within the region contributes specifically to HPC susceptibility. Also, it is possible that the HPC risk alleles identified here may not involve the APOL3 gene itself, rather, the associated interval may include key regulatory elements that affect either local genes, or one or more genes located some distance away. Additional studies are needed to address this issue and to determine the precise role of the implicated variants.
Because we saw over-representation of the risk allele in cases in both the Western Washington and CGEMS data, it is possible that the 22q locus may play a role in sporadic prostate cancer risk. However, the CGEMS data were not significant and additional studies are therefore needed to determine the overall importance of this locus with regard to prostate cancer risk.
The work presented here provides a new paradigm for overcoming some of the common problems associated with reducing megabase-sized chromosomal segments discovered in linkage analysis of complex traits to kilobase-sized intervals, suitable for mutation scanning. While functional studies will ultimately be needed to illuminate the mechanism by which specific risk-associated variants act, the work reported here delineates a critical 22.4 kb region of association. We thus demonstrate that family-based association methods, when applied to selected families showing preliminary evidence of linkage, are useful mechanisms for reducing a region of linkage by orders of magnitude.
MATERIALS AND METHODS

HPC pedigrees and unrelated population controls for family-based association analysis
The results reported here include 254 of the extended HPC pedigrees from the Seattle-based PROGRESS study, which include 929 sampled affected men and 1176 relatives. Families met at least one of the following criteria for inclusion: ≥3 affected first-degree relatives, PC in three successive generations or two affected with a mean age at diagnosis of ,65 years or who were African-American (7). Pedigrees from the Mayo Clinic include 189 Caucasian HPC families with 498 affected men (6) . Mayo Clinic HPC families were required to have at least three men with PC in the family, of whom two or more were alive for recruitment. The unrelated population controls were part of an ongoing study at Mayo Clinic of men from Olmsted County, MN, sampled using a scheme provided by the Rochester Epidemiology Project (34) . The disease status of controls was last updated in 2008. Samples from 506 Caucasian controls were available for this study. PROGRESS study forms and protocols were approved by the Institutional Review Board (IRB) of the Fred Hutchinson Cancer Research Center. Additionally, genotyping protocols were approved by the IRB of the National Human Genome Research Institute. Mayo Clinic study materials and protocols were approved by the Mayo Clinic Human Subjects IRB. Methods to select the 42 HPC pedigrees have been described previously (15) . In brief, our analysis focused only on HPC families showing the greatest evidence for linkage within the ICPCG 6 Mb 1-LOD support interval defined by the ICPCG (12) . To accomplish this, 443 PROGRESS and Mayo Clinic HPC pedigrees were reanalyzed using marker sets previously genotyped in earlier linkage scans. Only pedigrees with individual family-based LOD scores .0.58 were eligible for the fine-mapping effort (15) . In addition, we required that all affected men within each family selected for fine-mapping shared a chromosomal segment within the ICPCG 1-LOD interval. After applying these strict criteria, 42 Caucasian pedigrees (24 Mayo Clinic and 18 PROGRESS) were selected for fine-mapping.
Family-based association analysis, marker selection and genotyping
Previously, a panel of 738 tagSNPs were selected for genotyping in all Mayo Clinic families and controls (15) . The interval covers 216 genes located in a 19 cM region on chromosome 22q that broadly spanned the region of interest. The tagSNPs were selected from the HapMap Consortium (v. 2, October 2005) and Perlegen Sciences using the algorithm implemented in ldSelect. TagSNPs were identified such that each tagSNP exceeded an r 2 of ≥0.8 threshold with all other SNPs in the bin. Using a minimum LD coverage threshold of 70%, we were able to successfully identify tagSNPs for 183 (85%) of 216 genes with an average coverage of 87%. Details were provided previously (15) .
The initial genotyping was done on 498 familial cases from 178 families and 533 population controls from the Mayo Clinic at the Center for Inherited Disease Research (CIDR) using the Illumina Platform. Of the 738 tagSNPs, 680 were successfully genotyped and 668 passed quality control (QC; seven monomorphic SNPs and five SNPs with call rate ,0.90 were excluded). Of those, 168 had uncorrected P-values of ,0.05 when evaluated for an association with risk of PC, and were located within the 22q recombination consensus interval from 26.00 to 36.01 Mb that we defined previously (15) .
Since genotyping was complete on the Mayo Clinic data set, genotyping was then done on the 18 PROGRESS families using the multiplex MassArray spectrometry (iPLEX) genotyping system (Sequenom, San Diego, CA, USA). All PCR and iPLEX reactions were performed using standard conditions (35) . Genotypes were called using the iPLEX MassArray Typer v3.4 software (Sequenom). To ensure genotyping accuracy, five blind duplicates were included in the data set, generating 1061 duplicated genotypes, only two of which were discrepant, for an error rate of ,0.2%. Markers with a call rate of ,75% were excluded. Minor allele frequency (MAF) was compared between the sets and the HapMap Caucasian population. No major differences could be found, except for two SNPs, which were mono-allelic in one set, and were thus excluded. Thus, 145 of the 168 SNPs derived from the Mayo Clinic data set passed QC in the PROGRESS data set. The genetic position for all markers was determined using the UCSC Genome Browser (March 2006, NCBI Build 36.1). This set of markers was then analyzed in both the Mayo and PROGRESS data sets.
Family-based association analyses
Single-marker association tests were performed using PedGeniev. 2.4.2 (16) . Four genetic models were tested (dominant, recessive, additive-trend and allelic tests). One advantage of PedGenie is that it does not trim extended pedigrees and permits any combination of pedigrees and/or cases and controls. The ability to use population controls makes PedGenie preferable for our data set over other analysis methods since the Mayo Clinic pedigrees have no unaffected relatives and few pedigrees with parental genotypes. PedGenie employs a Markov -Chain Monte -Carlo permutation test to correct for relatedness between individuals and calculates empirical P-values. Simulations are used to build multiple null genotypic configurations with a test statistic calculated for each. This is done by using Mendelian 'gene dropping' on founder individuals from the original pedigree structure, based on allele frequencies from the unrelated population controls. The permutation P-value is equal to the percentage of times a simulated test statistic is more extreme than the observed statistic. In the first round of analysis, the 145 SNPs that passed QC in the PROGRESS and Mayo Clinic data sets were analyzed. In the second round of analysis, the 15 HapMap tagSNPs in the region of greatest association (see below) were analyzed.
While PedGenie corrects for relatedness, this program does not condition on the fact that these families are linked to the 22q12.3 region. To overcome this limitation, LAMP software was used to test for association in the presence of linkage, and to test whether the associated SNPs could explain the initial linkage result, either partially or completely (17, 18) . The program quantifies the degree of LD between the candidate SNP and the putative disease locus through four maximum likelihood models. These models are used to construct three likelihood ratios to assess whether the candidate SNP and disease locus are linked (i.e. complete LD) or associated (i.e. partial LD) or whether there are other variants that can explain the linkage signal.
The analysis was performed with the combined set of 42 pedigrees from PROGRESS and Mayo Clinic, including a set of 506 unrelated population controls from Mayo. The controls, which largely overlap those used in the initial marker selection described above, were used to estimate allele frequencies and LD with the underlying causal variant. The PROGRESS pedigrees were too large to analyze in the LAMP program and so the pedigrees were trimmed to reduce the bit-size. However, no genotyped affected men were trimmed. Because the SNPs were in partial LD with one another, the LAMP analysis required that we first select 30 tagSNPs using an r 2 threshold of ,0.1. These SNPs make up the linkage framework map for the LAMP analyses. Each of the 145 SNPs and 11 additional SNPs that were within the broad linkage interval (25.7 -37.4 Mb) initially defined by the Mayo Clinic (15) were then analyzed to test for both linkage and association. If any candidate SNP was in LD (r 2 . 0.4) with any SNP in the framework map, the framework SNP was removed when analyzing that candidate to ensure that residual LD did not influence the results. A disease prevalence of 0.15 was used in these analyses.
LD analysis
To target the region of greatest association identified in the analysis of the 145 markers, the LD block structure over the APOL3 gene was determined in Haploview (v.4.0) (36) , using all SNPs between 34 863 700 and 34 920 000 bp that have been genotyped in the HapMap Caucasian population (HapMap Data Rel 24/phase II Nov08, on NCBI B36 assembly, dbSNP b126) (37) . Nineteen tagSNPs describe three LD-blocks at the 5 ′ end of APOL3 using default parameters and the 'solid spine of LD' method in Haploview. These tagSNPs were genotyped in the 18 PROGRESS pedigrees using direct Sanger sequencing and in the 24 Mayo Clinic pedigrees and 497 of the 506 unrelated population controls from Mayo using the ABI SNPlex Genotyping System. Nine of the 506 population controls were unavailable due to insufficient DNA. The 19 SNPs reduced to 15 as 1 SNP did not amplify in the SNPlex and 3 had an MAF of ,0.05. Thus, 15 tagSNPs were available for analysis of the APOL3 LD block structure.
Mutation screening of the APOL3 gene
The genetic position of all exons was taken from the UCSC Genome Browser (NCBI Build 36.1). All exons and introns from the six most common transcript variants of APOL3 were sequenced in all individuals from the 18 PROGRESS pedigrees (66 affected males, 68 unaffected males and 40 women) using direct Sanger sequencing. We also included a 14 kb upstream interval that spanned both putative promoters (19) , and a 7 kb region of high conservation. Primer sequences were designed using Primer3 (38) . Amplification was performed using standard PCR conditions with TaqGold Polymerase [Applied Biosystem (ABI), Foster City, CA, USA]. Amplicons were sequenced using the Big-Dye Terminator Cycle Sequencing Kit (v.3.1) (ABI). Sequences were collected on an ABI 3730xl DNA analyzer and analyzed using phredPhrap, polyPhred and Consed softwares (39) (40) (41) (42) . All genotypes were confirmed using both forward and reverse sequencing data and tested for Mendelian inconsistency in each family. Primer sequences, the name and positions of all SNPs in this analysis, are available upon request.
Population-based prostate cancer case -control data set
To assess the significance of the putative risk SNPs, we looked for association in a population-based case-control data set. The study population consists of participants from one of two population-based case -control studies of PC risk factors in residents of King County, Washington (Study I and Study II), which have been described previously (20, 21) . Briefly, subjects diagnosed with histologically confirmed PC were ascertained from the Seattle-Puget Sound SEER cancer registry. In Study I, cases were diagnosed between 1 January 1993 and 31 December 1996 and were 40-64 years of age at diagnosis. In Study II, cases were diagnosed between 1 January 2002 and 31 December 2005 and were 35-74 years of age at diagnosis. Overall, 2244 eligible PC patients were identified, 1754 (78.2%) were interviewed and blood samples yielding sufficient DNA for genotyping were drawn from 1457 (83.1%) interviewed cases. A comparison group of controls without a self-reported physician's diagnosis of PC was identified using random digit telephone dialing. Controls were frequency matched to cases by 5 year age groups and recruited evenly throughout each ascertainment period for cases. A total of 2448 men were identified who met the eligibility criteria, 1645 (67.2%) were interviewed and blood samples were drawn and DNA prepared from 1352 men (82.2%), using standard protocols. For the current analyses, only Caucasian participants with DNA available were included (1320 cases and 1266 controls).
SNP genotyping of population-based case -control samples
Genotyping for rs132660 and rs2097465 was performed at the National Human Genome Research Institute using the SNPlex Genotyping System (Applied Biosystems, Inc., Foster City, CA, USA) according to the manufacturer's protocol. The details of this assay have been described previously (43, 44) . The GeneMapper software package (Applied Biosystems) was used to assign genotypes for each SNP. Replicate samples (n ¼ 143) were interspersed throughout all genotyping batches, and the concordance levels for blind duplicate samples were 99.2% for rs132660 and 100% for rs2097465. All genotyping scores, including QC data, were re-checked by different laboratory personnel and the accuracy of each assay was confirmed.
Statistical analysis for population-based case -control data set
Departure from Hardy-Weinberg equilibrium was assessed for each SNP separately in controls. Unconditional logistic regression models were used to estimate odds ratios (ORs) and 95% confidence intervals (95% CI) to measure the association between individual SNP genotypes and prostate cancer risk (45) , with age at reference date included in the models. Log-additive (trend), dominant and co-dominant models were considered for each SNP. Differences in risk estimates by first-degree family history of PC (yes versus no) were tested by including an interaction term in the regression model and comparing the 22 log likelihoods for the full (main effects plus the interaction term) and reduced (main effects only) models. Polytomous regression models were used to generate ORs and 95% CIs for the association between SNP genotypes and cases stratified by disease aggressiveness (less versus more) and Gleason score [≤7 (3 + 4) versus ≥7 (4 + 3)] compared with controls. More aggressive cases were those with either a Gleason score of ≥7 (4 + 3), regional or distant stage disease, or a PSA level ≥20 ng/ml at diagnosis. A x 2 test was used to test for significant differences in risk estimates between more and less aggressive cases and between lower and higher Gleason scores. Analyses were performed using SAS version 9.1.3.
Genotyping and analysis of SNPs in the CGEMS study
Raw genotypes for marker rs2097465 were downloaded from 1176 affected (688 aggressive and 488 nonaggressive) cases and 1101 controls from the CGEMS prostate cancer study, phase-1 (http://cgems.cancer.gov/) (22) . Because rs132660 was not genotyped in the CGEMS study, genotypes were imputed using a hidden Markov model programmed in MACH (v1.0.14) (46) . Imputation was performed using HapMap CEU phased haplotypes from 120 chromosomes from 60 founders (phase II, release 22) (37). For additional details see (MaCH; Markov Chain Haplotyping Package, http:// www.sph.umich.edu/csg/abecasis/MaCH). Logistic regression was used to test the association between the two SNPs and prostate cancer risk, estimating genotype ORs and 95% confidence interval. Data were also stratified by disease aggressiveness (aggressive versus nonaggressive cases) for comparison to controls.
Electrophoretic mobility shift assay
The electrophoretic mobility shift assay (EMSA) was performed using the Lightshift Chemiluminescent EMSA kit (Pierce, Rockford, IL, USA) essentially as described by the manufacturer. All oligonucleotides were purchased from Integrated DNA Technologies, Inc. (Coralville, IA, USA). The target oligonucleotide-5
′ -TTTACCCATCATTTATAA/CAGAAAAG CCCACTCTGGG (SNP rs132660 in bold and the transcription binding sequence for the TATAA-binding protein in box)-was 5 ′ end labeled with biotin. Unlabeled nonspecific oligonucleotides had the following sequences: unlabeled nonspecific DNA1, 5
′ -CGCCCGGAAGCCCCGACCCGC and unlabeled nonspecific DNA2, 5
′ -GGATGCCTGCTCTCC ACACATCCTTGAAAC. The LNCaP nuclear extract was purchased from Abcam (Cambridge, MA, USA). The binding reactions (20 ml) included 1X binding buffer, 1 mg poly dI-dC, 1 mg of nuclear extract, 500-fold excess of unlabeled oligo for the competitive assay (with a 20 min room temperature pre-incubation step) and 20 fmol of 5 ′ -labeled oligo (with a 20 min room temperature preincubation step). Reaction mixtures were subjected to electrophoresis using 6% DNA Retardation Gels (Invitrogen, Carlsbad, CA, USA) and then transferred onto a nylon membrane (Pierce). The binding interactions were detected using the Chemiluminescent Nucleic Acid Detection Module Kit (Pierce) and were visualized by autoradiography.
